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Abstract
The seesaw mechanism provides a simple explanation for the lightness of the known
neutrinos. Under the standard assumption of a weak scale Dirac mass and a heavy
sterile Majorana scale the neutrino mass is naturally suppressed below the weak scale.
However, Nature may employ Dirac and Majorana scales that are much less than
typically assumed, possibly even far below the weak scale. In this case the seesaw
mechanism alone would not completely explain the lightness of the neutrinos. In
this work we consider a warped framework that realizes this possibility by combining
naturally suppressed Dirac and Majorana scales together in a mini-seesaw mechanism
to generate light neutrino masses. Via the AdS/CFT correspondence the model is
dual to a 4D theory with a hidden strongly coupled sector containing light composite
right-handed neutrinos.
1 Introduction
The confirmed discovery of neutrino mass has provided further information about the flavor
structure of Nature. Despite the riches afforded by these developments we still do not
know the underlying mechanism responsible for neutrino mass generation (for nice reviews
see [1]). The seesaw mechanism provides a simple explanation for the lightness of the known
neutrinos [2]. In the standard seesaw picture one assumes MR ≫ mD ∼ mW , where mD
is the neutrino Dirac mass, MR is the singlet Majorana mass and mW is the W boson
mass. The resulting mass eigenstates include a “mostly active” light neutrino with mass
mν ∼ m2D/MR and a “mostly sterile” heavy neutrino with mass ∼ MR. The suppressed mass
of the lightest state nicely explains the existence of light neutrinos that interact weakly with
standard model (SM) leptons. The existence of a large mass scale MR also marries well with
our expectations for gauge unification in the ultraviolet (UV) completion of the SM.
Beyond expectations of naturalness, there is perhaps no particular reason to expect the
Dirac mass to be of order ∼ mW . It is at least reasonable to consider Dirac masses in
the range me ≤ mD ≤ mt, consistent with those observed in the charged fermion sector [3].
Unfortunately, even at the light end of this range, values ofmν ∼ 0.1 eV requireMR ∼ 10 TeV
and it is difficult to probe the Majorana scale directly; a situation that becomes increasingly
hopeless as mD increases. From a naturalness point of view [4], arbitrarily light Dirac mass
scales are technically natural due to the restoration of a chiral symmetry in the limit mD → 0
with MR = 0. Indeed, even arbitrarily light Majorana mass scales are technically natural
as MR → 0 restores lepton number symmetry. However, despite being technically natural
small values typically require small couplings and one hopes that the discovery of neutrino
mass reveals more than a simple preference for tiny couplings in Nature.
An interesting exception to the standard seesaw picture arises if the right-handed neutri-
nos are composite objects of a strongly coupled hidden sector [5, 6, 7]. The resulting neutrino
mass scales can be suppressed by powers of (Λhid/Λ) and may be much lighter than typically
assumed (Λhid is the hidden confinement scale and Λ is the cutoff). A related scenario is
that with “late-time neutrino masses” wherein flavor symmetries ensure massless neutrinos
until relatively low energies, after which symmetry breaking induces neutrino mass [8].
In this work we develop an approach to the generation of SM neutrino mass that is
inspired by the notion of light, composite right-handed neutrinos [5]. The approach re-
alizes light SM neutrinos by combining naturally suppressed Dirac and Majorana mass
scales together in a low-scale or “mini” seesaw mechanism. Motivated by the AdS/CFT
correspondence [9], we consider a warped extra dimension [10] with a sub-TeV infrared (IR)
scale [11, 12, 13], in which the right-handed neutrinos propagate. Via the application of
AdS/CFT to Randall-Sundrum (RS) models [14], this 5D model is dual to a 4D theory
with a hidden strongly coupled sector of which the right-handed neutrinos are the lightest
fermionic composites. The SM fields, taken localized on the UV brane, are fundamental
objects in the sense that they are not part of the hidden CFT. We work with an effective
theory for energies . TeV, and depending on the UV completion the SM fields may remain
as fundamental or may themselves be composites of a separate strongly coupled sector.
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Before proceeding we note that bulk gauge-singlet neutrinos in RS models were considered
in [15] and bulk SM fermions in [16]. Subsequent studies of neutrino mass appeared in [17]
and for an incomplete list of recent works in this active field see [18, 19]. Related work on
right-handed neutrinos within a strongly coupled CFT was undertaken in Ref. [20]. Our
implementation within a sub-TeV scale effective theory differs from these previous works.
We also note that an order GeV hidden sector has been invoked in connection with some
recent experimental anomalies [21, 22]. A GeV scale mediator may be motivated by the
leptonic cosmic ray anomalies1 [22], or the dark matter may itself be ∼ GeV (see, e.g., [24]).
It is sensible to ask what consequences a sub-weak hidden sector may have in the neutrino
sector. If the hidden sector contains fermions they could clearly influence the mechanism of
neutrino mass generation. We present a specific framework here, but this matter may be of
more general interest.
2 Light Neutrinos from a Mini-Seesaw
We consider a truncated RS model with a warped extra dimension described by the coordi-
nate z ∈ [k−1, R]. A UV brane of characteristic energy scale k is located at z = k−1 and an
IR brane with characteristic scale R−1 is located at z = R. The metric is given by
ds2 =
1
(kz)2
(ηµνdx
µdxν − dz2) = GMNdxMdxN , (1)
where M,N, .. (µ, ν, ..) are the 5D (4D) Lorentz indices and k is the AdS5 curvature. The
characteristic IR scale is suppressed relative to the curvature due to the warping, as is
readily seen using the proper coordinate for the extra dimension.2 When sourced by a bulk
cosmological constant and appropriate brane tensions the metric of Eq. (1) is a solution to
the 5D Einstein equations [10]. The length of the space is readily stabilized [25].
We take the SM to be localized on the UV brane where the natural mass scale is ∼ k,
and accordingly take k ∼ TeV. In addition to the SM we consider three singlet fermions
propagating in the bulk. We label these by NR as the zero modes will be right-chiral fields
that we identify as gauge-singlet neutrinos. The IR scale is nominally taken to beR−1 ∼GeV,
but smaller values may be possible and will be considered below.3 A sketch of the setup
is given in Figure 1. In analogy with the Little RS model [28] we can refer to this as a
“Little Warped Space” (LWS) (for additional work on a truncated slice of AdS5 see [29]).
Such a truncated spacetime may seem somewhat unusual at first sight. However, the setup
can be thought of as an effective theory that describes the sub-TeV scale physics of a more
complete theory, enabling one to consider the effects of a light warped/composite hidden
sector without having to specify the supra-TeV physics. In general the supra-TeV effects
1Our approach may also be of interest for models of TeV scale dark matter with a warped GeV scale
mediator [23].
2This is defined by y = k−1 log(kz), where yi ∈ [0, L] and L = k−1 log(kR), in terms of which the IR
scale is exponentially suppressed, R−1 = e−kLk ≪ k.
3Light sterile neutrinos may be of interest in relation to the observed pulsar velocities [26] or as dark
matter candidates (see e.g. [27]).
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Figure 1: Sketch of the “Little Warped Space”. The sterile neutrino NR propagates in
a hidden warped space with IR scale of order a GeV and UV scale of order a TeV. The
standard model resides on the UV brane and has a suppressed coupling to the chiral zero
mode neutrino, which is localized toward the IR brane.
will be encoded in UV localized effective operators. As with any sub-TeV scale effective
theory, the effective operators that break approximate/exact symmetries of the SM must be
adequately suppressed to ensure that problematic effects like rapid p-decay and excessive
flavour violation do not occur.
To demonstrate our main points it will suffice to consider a single generation of neutrinos.
The action for a bulk fermion NR in the background (1) is
SN =
∫
d5x
√
G
{
i
2
N¯RΓ
BeAB∂ANR −
i
2
(∂AN¯R)Γ
BeABNR + ckN¯RNR
}
, (2)
where Γµ,5 = {γµ, iγ5} are the 5D Dirac-gamma matrices, eAB is the fu¨nfbein and we write
the Dirac mass in units of the curvature k. We have dropped the spin-connection terms
which cancel in the above. A Kaluza-Klein (KK) decomposition may be performed as
NR(x, z) = (kz)
2
∑
n
{
ν
(n)
L (x)f
(n)
L (z) + ν
(n)
R (x)f
(n)
R (z)
}
, (3)
and the bulk wavefunctions f
(n)
L,R for the chiral components of NR can be readily found [15].
The boundary conditions force one chirality to be odd and without loss of generality we
take this to be the left-chiral field. The single massless mode in the spectrum then has
right-chirality. The KK-expanded Lagrangian is
SN =
∑
n
∫
d4x
{
ν¯(n)γµ∂µν
(n) −mnν¯(n)ν(n)
}
, (4)
where ν(n) = ν
(n)
L + ν
(n)
R is a Dirac fermion with KK mass mn for n > 0 and ν
(0) = ν
(0)
R is the
massless right-chiral zero mode. Its bulk profile is
f
(0)
R (z) =
√
k(1 + 2c)
(kR)1+2c − 1 (kz)
c , (5)
where the dimensionless mass parameter c controls its localization along the extra dimension.
We will be interested in IR localization with c ≃ 1 as this reduces the wavefunction overlap
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of the zero mode with UV localized SM neutrinos and therefore suppresses the Dirac mass
below the weak scale.
At this point there is no lepton number violation and the spectrum consists of a single
Weyl neutrino and a tower of Dirac neutrinos with masses mn ∼ npi/R. We can introduce
lepton number violation in the form of a marginal operator on the IR brane:
SN → SN − λN
2
∫
d5x
√−gir
{
N¯ cRNR +H.c.
}
δ(z − R)
=
∑
m,n
∫
d4x
{
ν¯(n)γµ∂µν
(n) −mnν¯(n)ν(n) − Mmn
2
(ν¯
(m)
R )
cν
(n)
R +H.c.
}
, (6)
where the effective Majorana masses are
Mmn = λNf
(m)
R f
(n)
R
∣∣∣
z=R
. (7)
Note that ν
(n)
L does not acquire a boundary Majorana mass as f
(n)
L
∣∣∣
R
= 0. For IR localization
of interest to us the zero mode Majorana mass takes a particularly simple form:
M00 ≃ (1 + 2c)λN
R
. (8)
Using the results in the Appendix for c ≃ 1, the Majorana masses for the m,n > 0 modes
can be approximately related to that of the zero mode:
|M0n| ≃
√
2
2c+ 1
M00 and |Mmn| ≃ 2M00
(2c+ 1)
for m,n > 0 . (9)
We note thatMmn ∼ λN/R for allm,n, as expected for an IR localized mass. These Majorana
masses mix4 the KK modes and the true mass eigenstates are linear combinations of ν(n).
The spectrum consists of a tower of Majorana neutrinos with masses starting at ∼ R−1. For
λN ∼ 0.1 one has M00 ∼ R−1/10 and the lightest mode is predominantly composed of ν(0)R .
The higher modes are pseudo-Dirac neutrinos with mass splittings set by Mmn < mn. The
Dirac mass mn increases with n as mn ∼ (n + c/2)pi/R while Mmn does not significantly
change, so the Majorana masses become increasingly unimportant for the higher modes.
Having determined the spectrum of sterile neutrinos we can proceed to consider their
coupling to the SM. This occurs via a UV localized Yukawa interaction
S ⊃ − λ√
M∗
∫
d5x
√−guv L¯HNR δ(z − k−1) , (10)
where L is a lepton doublet and H is the SM scalar doublet. After integrating out the extra
dimension this generates Dirac mass terms coupling the KK neutrinos to the SM:
S ⊃ −
∑
n
∫
d4x mDn ν¯Lν
(n)
R , (11)
4One could instead include the boundary mass in the IR boundary conditions and obtain the full KK
spectrum directly [17]. However our main points are easily seen treating the boundary terms as perturbations.
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where mDn = λ〈H〉f (n)R (k−1)/
√
M∗ and 〈H〉 ≃ 174 GeV is the vacuum value of the SM scalar.
For the zero mode this gives
mD0 ≃ λ
√
k(1 + 2c)
M∗
(kR)−c−1/2 〈H〉 , (12)
and the results from the Appendix can be used to find mDn for n > 0.
Including the boundary coupling to SM neutrinos produces a somewhat complicated
mass matrix describing both the SM and KK neutrinos (similar to that in [17]). Despite
this the hierarchy of scales generated by the KK profiles allows the basic spectrum to be
readily understood. For n > 0 the previously pseudo-Dirac neutrinos now have Dirac masses
coupling them to the SM, which are given by (mDn/mn) ≃ λ(〈H〉/k)
√
2/M∗R≪ 1 for c ≃ 1.
This coupling can essentially be neglected to leading order and therefore the n > 0 modes
remain as pseudo-Dirac neutrinos comprised of predominantly sterile KK modes.
The coupling of the SM to the zero mode is more important as this mode is not strongly
coupled to a KK partner. To leading order the zero mode and the SM neutrino essentially
form a standard seesaw pair. The heavy mode has mass ≃ M00 and is mostly comprised of
ν(0), while the mass of the light SM neutrino is of the usual seesaw form,
mν ≃ (m
D
0 )
2
M00
≃ λ
2
λN
〈H〉2
M∗
(kR)−2c . (13)
To get a feeling for the scales involved we plot the inverse radius R−1 as a function of c for
fixed values of mν = 1 eV and mν = 10
−2 eV in Figure 2. The following set of parameter
values is used for the plot: k = 1.5 TeV, λ/
√
2 = λN = 0.1 and k/M∗ = 1/6. We also restrict
|c| to be no larger than the values employed in [28]. It is clear that the SM neutrino mass
is readily suppressed below the weak scale to within the range of interest for the solar and
atmospheric neutrino data.
We observe that this approach generates naturally suppressed neutrino masses in a two-
fold process. Firstly, the effective 4D Dirac and Majorana mass scales are suppressed; the
sub-TeV Majorana scale (M00 ≪ mW ) is generated by warping while the Dirac mass is
suppressed by a small wavefunction overlap (mD0 ≪ M00 ≪ mW ). Secondly, a low-scale or
“mini” seesaw mechanism operates between the lightest KK mode and the SM neutrino,
serving to further suppress the SM neutrino mass. Together these elements realize the
order eV neutrino masses. We emphasize that, unlike most seesaw models with light sterile
Majorana mass scales, the small 4D masses are generated naturally and do not require tiny
couplings.
Note that Figure 2 includes values of R−1 much less than a GeV, showing that naturally
light neutrino masses can be generated for a range of IR scales. Clearly, the phenomenological
consequences of generating neutrino mass in this way depend on the specific value of R−1,
and one cannot make general statements over such a wide range of energies. A detailed
study would be required to determine the relevant limits on R, which is beyond the scope of
this work. However, we will offer some comments on aspects of the hidden sector for parts of
this range in Section 4, focusing on the case of R−1 ∼ GeV. We emphasize that while light
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Figure 2: Plot of the inverse radius R−1 as a function of the bulk mass parameter c for
fixed values of the light neutrino mass mν . We fix mν = 1 eV (mν = 10
−2 eV) for the solid
(dashed) curve. The radius is related to the mass of the lightest right-handed neutrino as
M00 ∼ R−1.
neutrino masses can be obtained with R−1 ≪ GeV, models with light values of R−1 may
face severe bounds from experimental data. These require further detailed investigation to
determine their viability.
3 4D Gravity and AdS/CFT
The particle spectrum will contain additional sub-TeV modes in the form of metric fluctua-
tions. These are localized towards the IR and their precise coupling to the UV localized SM
fields depends on the UV action [30]. If one seeks to include 4D gravity then a UV localized
Einstein-Hilbert term with strength MUV will appear to reproduce the 4D Planck mass as
M2P l ∼ M2UV +M3∗ /k. Here M3∗ /k is the usual bulk contribution to the 4D Planck mass
in RS models but is suppressed relative to the 4D Planck scale for the LWS. Including this
boundary term is akin to the 4D approach of retaining a ∼ TeV scale cutoff for the SM while
including Einstein gravity. For MUV → ∞ gravity decouples and the KK gravitons acquire
a Dirichlet UV boundary condition as in Ref. [28]. In this case they do not directly couple
to the SM. Alternatively, 4D gravity could be included by lowering the fundamental gravity
scale to ∼ TeV. This requires large extra dimensions transverse to the warping but has the
advantage of potentially solving the SM hierarchy problem [31]. The 4D Planck mass would
then be given by M2P l ∼ M3+d∗ Vd/k, where Vd is the volume of the d-dimensional transverse
space. We focus on the case of a large UV boundary term in the remainder of this work.
It is helpful to comment on the dual 4D description of the LWS, obtained via the
application of the AdS/CFT correspondence to RS models [14], before discussing the hidden-
sector particle spectrum further. The present model would be considered dual to a 4D theory
in which the UV localized SM fields are treated as fundamental objects external to a hidden
strongly coupled sector. The composite objects correspond to IR localized fields in the
5D picture (roughly; see e.g. [32]) and the lightest fermionic composite is the right-handed
neutrino (or neutrinos in a three generation model). Note that the IR localization of the
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Majorana mass term indicates that lepton number is broken within the strongly coupled
sector, distinct to [18] in which lepton number is broken in the UV.
A discussion of the modified application of AdS/CFT for truncated warped spaces is given
in [28] and similar points remain valid in the present work. The dual theory is conformal
for energies TeV & E & R−1, with the conformal symmetry broken spontaneously in the IR
(dual to the IR brane) and explicitly in the UV (dual to the TeV brane, itself ascociated with
the scale of electroweak symmetry breaking). For every bulk field in the 5D picture there
exists a CFT operator in the dual 4D theory that is sourced by a fundamental field. The
source field corresponds to the UV-brane value of the given bulk field in the 5D theory. If
the bulk field does not possess a UV-localized brane kinetic term, the source field has no bare
kinetic term in the 4D theory and is seemingly non-dynamical. However, due to the coupling
to the CFT, an induced kinetic term arises, so the “source” is in fact dynamical [33].5
The dual description can shed light on the above discussion of the 4D Planck mass.
The dual 4D theory for RS1 corresponds to a CFT plus 4D Einstein gravity [14]. In the
absence of a UV localized Einstein-Hilbert term, the dual 4D theory does not contain a
bare Einstein-Hilbert term. However, the coupling of the 4D graviton to the CFT induces
an Einstein-Hilbert term so that gravity acquires its usual Einstein dynamics. Thus the
4D Planck mass obtained in RS1, namely M2P l ≃ M3∗ /k, is predominantly induced by the
CFT [14]. Adding a UV localized kinetic term is dual to including a bare Einstein-Hilbert
term in the 4D theory. The 4D Planck mass then becomes M2P l ≃ M2UV +M3∗ /k, where
the first (second) term is a bare (CFT-induced) contribution. Thus the 4D Planck mass is
no longer completely induced by the CFT. In the RS model the CFT induced part of the
Planck mass is typically taken to dominate (or is the same order as) the UV piece, so the
CFT-induced part of the Planck mass plays an essential role in determining the dynamics of
the 4D graviton.
One can consider a 4D CFT, however, with a UV cutoff much less than the Planck scale,
that does not completely induce the Planck mass. In the 5D picture this corresponds to a
slice of AdS5 with a UV cutoff much less than the Planck scale, M∗ ≪MP l. This is the case
considered in the Little RS model [28], where the UV cutoff is of order 103 TeV. In Ref. [28]
the bulk graviton was given a Dirichlet UV BC, thereby removing the zero-mode graviton
and projecting 4D gravity out of the theory. The Dirichlet UV BC can be realized by sending
the coefficient of the UV Einstein-Hilbert term to infinity, MUV →∞.6 In the dual picture
Poincare´ symmetry is no longer a gauged dynamical symmetry but rather a global symmetry.
Though not essential for the TeV-scale physics of interest in Ref. [28], to be a completely
realistic low-energy theory the Little RS model should of course include 4D Einstein gravity.
One can ask how 4D gravity can be included in the model. The answer is to simply include
a large (but finite) UV localized Einstein-Hilbert term such that M2P l ≃ M2UV ≫ M3∗ /k.
In this case the CFT-induced part of the Planck mass is subdominant and the 4D Planck
mass is essentially an input parameter, separate from the scale at which the CFT behaviour
5Strictly speaking, a brane kinetic term is necessary to regulate the 5D theory [34], so this dicussion
corresponds to the case where, after divergences are removed, the contribution to the renormalized kinetic
term from the bare kinetic term is dominated by the CFT-induced kinetic term.
6See Ref. [30] for a detailed discussion of the modified UV BC for gravity with brane localized curvature.
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breaks down. The particle physics cut-off remains at M∗ ≪ MP l and the theory requires
some UV completion at energies E > M∗, but the low-energy theory now includes the usual
coupling to 4D Einstein gravity in addition to the (broken) CFT.
A similar discussion carries over for the dual description of the LWS. Whether or not
the dual theory contains Einstein gravity depends on the UV action. With an infinite UV
localized Einstein-Hilbert term, the 4D graviton is projected out and the dual theory is
purely that of fundamental SM fields and a hidden CFT, both possessing a global Poincare´
symmetry. Einstein gravity is included in the dual 4D theory by retaining a finite value
for MUV in the 5D theory. Provided M
2
UV ≃ M2P l ≫ M3∗ /k the Planck mass is an input
parameter whose origin is separate from the CFT dynamics (though the CFT induces a
subdominant contribution of order M3
∗
/k). Note that the UV cutoff for the theory remains
at the TeV scale, M∗ ∼ TeV, but the low-energy theory also includes 4D Einstein gravity.
This is akin to cutting off the SM (or any other 4D theory) at the TeV scale while retaining
4D gravity, despite the fact that MP l ≫ TeV.
We now turn to the dual description of the bulk neutrino. In the absence of the IR
localized Majorana mass term, the dual 4D theory for c > 1/2 is given schematically by the
Lagrangian [36]
LN4D ∼ LCFT + gN k1/2−cψR ON + . . . . (14)
Here ψR is a fundamental source whose dynamics are induced by the CFT (absent a UV
localized kinetic term), gN is a dimensionless coupling, and the fermionic composite CFT
operator ON has dimension 3/2 + |c + 1/2|. Observe that the mixing operator between
the fundamental field and the CFT operator in Eq. (14) is irrelevant. Pulling a factor of
µ1/2+c out of ON to give the fermionic operator a canonical dimension at the scale µ, we see
that the mixing becomes tiny in the IR, µ ≪ k. The source ψR is determined by the UV
value of the bulk field NR, and the relationship between ψR and the chiral mode depends
on the localization parameter c. For the values of interest here, the zero-mode is localized
towards the IR brane and has very little overlap with the UV brane. Therefore the source
contains only a tiny admixture of the zero-mode and the physical chiral-mode corresponds
predominantly to a composite CFT state. The tower of Dirac fermions consists mostly of
composites but contains an admixture of ψR.
The small Yukawa coupling between the SM and the lightest right-chiral neutrino is also
understood in the dual picture. The SM is external to the CFT, but couples directly to the
source field ψR. Writing this field in terms of the physical mass eigenstates introduces the
aforementioned tiny mixing angle, the dependence on which ensures the effective Yukawa
couping is highly suppressed. Turning on the IR Majorana mass gives the chiral mode a
mass and splits the Dirac fermions. This IR term only affects CFT correlation functions
at distances larger than the conformal length of the space, ∆x & R. The Majorana mass
should therefore be on the order of ∼ R−1, in agreement with Eqs. (8) and (9).
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4 Comments on the Hidden Sector Spectrum
The hidden sector will contain a tower of KK gravitons with mass splittings of order GeV (or
less for smaller R−1). On the surface it might seem that the light mass of these KK gravitons
could be phenomenologically troublesome. However, as mentioned above, the strength with
which these modes couple to the SM depends on the UV action. Consider the case of a
large UV localized Planck mass MP l ≃ MUV . Then, by construction, the UV values of
the graviton wavefunctions are highly suppressed, such that the coupling between the UV
localized SM and the KK gravitons is of orderM−1P l . Much like the KK gravitons with masses
below the weak scale in RS2 [35], the KK gravitons are not phenomenologically worrisome as
their direct coupling to the SM simply produces subdominant corrections to the Newtonian
potential. Indeed, for MP l ≃ MUV the coupling of KK gravitons to the SM will essentially
match those in Ref. [13], where a detailed analysis of a warped hidden sector containing
order GeV KK gravitons found them to be viable. The similarity to RS2 makes obvious the
fact that even sub-GeV IR scales are viable as far as the KK gravitons are concerned. In
the limit MUV → ∞ the graviton wavefunctions will be banished from the UV brane and
the KK gravitons have no direct coupling to the SM.7 Then the model is purely a particle
physics framework, involving no scales beyond the TeV scale, and does not include low-
energy gravity effects (as in Ref. [28]). Note that one cannot consider a purely Neumann
UV BC for the graviton as then the 4D graviton would couple with strength M3
∗
/k ∼ TeV.
The UV BC must be either Dirichlet or include the effects of a large UV term.
Let us emphasize that, even with a large UV Einstein-Hilbert term, the particle physics
cutoff on the warped space remains at the TeV scale, in connection with the scale of elec-
troweak symmetry breaking. The most general UV action will contain the usual series of non-
renormalizable operators involving SM fields, which encode the details of the UV completion.
These operators can induce unwanted effects (like rapid p-decay) and experimental bounds
require the dimensionless coefficients of such operators to be sufficiently small. This is true
of any sub-TeV scale effective theory. The inclusion of a large UV Einstein-Hilbert term is
not inconsistent with retaining a TeV-scale UV cutoff as this is to be viewed purely as a
phenomenological tool with which to include the low-energy effects of gravity in the theory.
The cutoff remains at the TeV scale, where new physics associated with, e.g., stabilization of
the weak scale, should appear. As mentioned earlier, this approach, motivated by AdS/CFT
considerations, is akin to including low-energy gravity effects in particle physics models like
the SM, even though new physics is likely to appear well before the Planck scale to solve,
e.g., the hierarchy problem. The key particle physics point we seek to make in this work,
regarding a sub-TeV seesaw mechanism, does not require the inclusion of low-energy 4D
gravity. We have discussed a way to include 4D gravity in the theory for completeness, but
as far as the neutrino sector is concerned, our key points are seen simply by taking a Dirichlet
7Note that taking MUV → ∞ is not the same as taking the UV cutoff to infinity; the UV cutoff for
the truncated warped space (M∗) remains at the TeV scale throughout this discussion. MUV refers only to
the coefficient of the UV-localized Einstein-Hilbert term. The use of large boundary terms to interpolate
between mixed and Dirichlet BCs in models on an interval is discussed in, e.g., [37]. In our case the large
UV term provides a convenient way to interpolate between a finite 4D Planck scale and a Dirichlet UV BC
(or, equivalently, an infinite 4D Planck mass).
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UV BC for gravity and decoupling the 4D graviton. In this case the KK gravitons do not
couple directly to the SM.
Independent of their coupling strength to the SM the KK gravitons possess sizable
couplings to the KK neutrinos. The KK neutrinos and gravitons are both localized towards
the IR brane and in general have large wavefunction overlaps, so the relevant coupling
strength is of order R−1 ≫ M−1P l . This coupling allows a given KK graviton ha to decay
to lighter KK neutrinos ha → ν(m)ν(n), with width Γa ∼ (k/M∗)3m3aR2 (similar to the case
for IR localized fields [38]; also see Ref. [13]). Absent hierarchically small values of k/M∗
these decays will be prompt for R−1 ∼ GeV. The radion r will also decay via r → ν(0)ν(0),
provided mr adequately exceeds the zero mode mass, mr & 2M00, with a typical coupling
strength set by the IR scale R−1.
The metric fluctuations play an important role in the phenomenology of the KK neutrinos.
The n > 0 KK neutrinos will promptly decay via graviton production, ν(n) → ha ν(m). The
widths go like Γn ∼ (k/M∗)3m3nR2 and are increasingly broad as one goes up the KK tower.
For a given value of n, decays with n ∼ a+m are preferred. Decays to the SM are also possible
but these have to go through the Dirac Yukawa-coupling, which is necessarily suppressed by
a small wavefunction overlap to ensure light SM neutrino masses. Therefore the SM decays
are highly suppressed and, when available, decays to lighter KK neutrinos will dominate.
The preference for decays with n ∼ a +m means production of a large-n KK neutrino will
create a cascade decay down the KK tower.
On the other hand, the zero mode neutrino can only decay to the SM and must therefore
decay through the Dirac Yukawa-coupling. These decays will be much slower than the hidden
sector KK decays. Clearly, if the light neutrinos are very long lived and are thermalized in
the early universe they could present cosmological difficulties, depending on the IR scale. At
energies above the IR scale the RS geometry is replaced by an AdS-Schwarschild space [39],
with the phase transition to the RS-phase occurring roughly at the IR scale, though the
precise behaviour is sensitive to the details of the stabilization mechanism [40]. If the IR
scale is of order GeV, this phase transition would occur prior to BBN.8 In this case the hidden
spectrum would not contain any fields lighter than ∼ GeV, except possibly the right-chiral
neutrinos ν(0), depending on the value of the localization parameter c. Order GeV sterile
neutrinos are a common feature of, e.g., the νMSM [41], and interesting scenarios are known
to be viable. The decay of sterile neutrinos can produce interesting consequences and, in
particular, admit non-standard leptogenesis scenarios [41].
For IR scales much less than O(MeV) the phase transition would occur after BBN and
there would be many light degrees of freedom in the spectrum. An important point to note
is that any interactions between the UV localized SM fields and the IR localized KK/CFT-
modes must proceed through the propagator of a bulk field. The propagating field can
be either a bulk neutrino or the graviton, but the tiny coupling of the latter to the SM
suppresses the graviton effects. A key point is that the UV-to-IR propagator for a bulk field
8Note that provided the IR scale adequately exceeds about 4 MeV to allow BBN, it is possible that
primordial inflation never reheated beyond the IR scale, in which case the details of the phase transition are
irrelevant.
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on a slice of AdS5 essentially cuts off for distances z
−1 & E when the injection energy E
greatly exceeds the IR scale, E ≫ R−1 [14]. Interactions of the CFT that could potentially
bring the the light KK modes into thermal equilibrium for R−1 ≪ MeV therefore turn out
to be unimportant at energies much larger than the IR scale, E ≫ R−1, as would be relevant
for BBN. Thus the light KK modes need not be brought into equilibrium prior to BBN by
CFT interactions.
Oscillations between light right-handed neutrinos and SM neutrinos, on the other hand,
have the potential to bring the lighter modes into equilibrium. A detailed numerical analysis
including the effects of mixing, and the tower of thresholds, would be required to determine
the extent to which equilibrium is reached. We note that composite right-handed neutrinos
with very light seesaw scales can imprint signals in the CMB which can be in conflict with
the data [6], though the case of a hidden CFT with low-scale neutrino composites has
not been studied in detail. With very light IR scales one could abandon the seesaw and
simply consider light Dirac neutrinos, as in Ref. [6]. The neutrino mass would then be
mν ≡ mD0 ∼ 〈H〉/(kR)c+1/2, and taking, e.g., R−1 ∼ 10 eV and c ≃ 0.8 gives mν ∼ 0.1 eV,
which is in the interesting range.
5 Conclusion
We have developed a mini-seesaw mechanism in which light neutrino masses are achieved
by combining naturally suppressed Dirac and (sterile) Majorana mass scales together in a
low-scale seesaw mechanism. The model is motivated by the AdS/CFT correspondence [9]
and the notion of light composite right-handed neutrinos [5], and is dual to a 4D theory
with a strongly coupled hidden sector whose lightest fermionic composites are right-handed
neutrinos. The model employs a truncated (“little”) warped space that is dual to a 4D
theory possessing conformal symmetry in some window, M∗ > E > R
−1 with M∗ ≪ MP l.
Depending on the UV completion the theory may or may not be conformal at higher energies
E > M∗. It would be interesting to investigate these ideas further to consider the viability of
full three-family models and perform a detailed study of the bounds on, and phenomenology
of, the light KK neutrinos. As a speculation, it may be possible to construct theories of
flavor using these ideas, either by considering flavor structures for sterile neutrinos within
the LWS or along the lines of [42]. We will investigate some of these matters in a future
work.
The author thanks E. Akhmedov, T. Frossard, W. Rodejohann, R. Takahashi and
J. Ward.
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Appendix
The bulk profiles for the n > 0 KK fermions are [15]
f
(n)
L (z) = −
√
kz
Nn
{JαL(mnz) + βnYαL(mnz)} , (15)
f
(n)
R (z) =
√
kz
Nn
{JαR(mnz) + βnYαR(mnz)} , (16)
with the order of the Bessel functions being αL,R = |c± 1/2| with c defined in the text. The
KK masses are determined by JαL(mnR) ≃ 0, giving mn ≃ (n + c/2)piR−1 for n > 0. For
c ≃ 1 these masses are mnR ≃ 4.6 , 7.7 , 10.8 ... . When f (n)L (z) has Dirichlet BCs the n > 0
right-chiral modes take the following boundary values for c ≃ 1 and mn < k:
f
(n)
R (k
−1) ≃ 1
Γ(c+ 1/2)
√
2pi
R
(mn
2k
)c
,
f
(n)
R (R) ≃ (−1)n
√
2
R
. (17)
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